The silyl group has been widely used in organic synthesis as a typical hydroxyl protecting group. Especially, the triethylsilyl (TES) group and t-butyldimethylsilyl (TBDMS) group have been used for synthesis of natural products by many researchers since they are comparatively stable against acids and are easy to handle. 1) Although, in general, deprotection of these groups is carried out with acids or fluorine anion, the work-up to remove the acids, especially on a large scale, is tedious and the fluorine anion tends to give rise to side reactions due to its strong basicity. With this background in mind, recently, reaction fields for achieving environmentally benign processes have been designed by many researchers in synthetic organic chemistry.
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2) Easy work-up is an important factor for achieving an environmentally benign process and the use of heterogeneous catalysts is advantageous. Among them, mesoporous silicas, which possess uniform meso pores, of which pore sizes are 2-50 nm, 3) and narrow pore-distribution and high surface area against amorphous mesoporous materials, such as silica gel or alumina, have been paid much attention due to their potential utility as new heterogeneous catalysts and in providing shape selectivity. In the course of our study on the utility of mesoporous silicas in organic synthesis as solid acid, we have found that their use is feasible for deprotection of silyl groups, and, especially, MCM-41, 4, 5) a typical mesoporous silica enables us to deprotect the TES group selectively from the TBDMS group. Selective deprotection of silyl groups can be performed with a variety of liquid protonic and Lewis acids [6] [7] [8] [9] ; however, the work-up to remove the acids is tedious as mentioned above. On the other hand, the heterogeneous system is facile from the viewpoint of convenience of the work-up in which mesoporous silicas can be removed by only filtration, and, furthermore, mesoporous silicas have the possibility of recycling. In this paper, we report our detailed study on the scope and limitation of using mesoporous silicas for deprotection of silyl groups. Table 1 shows the results for the deprotection of several silyl ethers (1) of dodecanol with MCM-41 in MeOH. The trimethylsilyl (TMS) and TES ethers (1a, b) were completely deprotected to dodecanol (2); however, the TBDMS and triisopropylsilyl (TIPS) ethers (1c, d) were intact during the indicated reaction time. These results show that selective deprotection of the TES group from the TBDMS group is feasible with the MCM-41/MeOH system. Table 2 shows the results of selective deprotection of the TES group under several conditions by using a typical solid catalyst and TES and TBDMS ether of 1,4-butanediol (3a) as test substrate. In THF, the starting material (3a) was almost intact after stirring for 4 h (entry 1). When acetnitrile, acetone, water, and ethanol were used as a solvent, reactions were sluggish (entries 2-5). On the other hand, methanol was the solvent of choice, and mono-TBDMS ether of 1,4-butanediol (4a) was obtained in 83% yield with a small amount of 1,4-butanediol (5a) (entry 6). Among other mesoporous silicas, FSM-16 10, 11) showed similar reactivity as MCM-41 for 4 h; however, HMS, 12) was not so effective (entries 7, 8). Silica gel, 13) which was pre-treated with HCl aq. to remove the Na ϩ ion, was not so effective as MCM-41 (entry 9). H-ZSM-5 14) and H-Y, 15) which are typical zeolites, were too strongly acidic to differentiate the TES and TBDMS groups (entries 10, 11). Na-Y zeolite, 15) in which the H ϩ ion was exchanged to the Na ϩ ion, was not effective (entry 12). Amberlite IR-120B, which is a strongly acidic ion exchange resin of sulfonic acid type, afforded only diol 5a, and Amberlite IRC-50, which is a weakly acidic ion exchange resin of the carboxylic acid type, was not so effective as MCM-41 (entries 13, 14) . Table 3 shows the results of selective deprotection between TBDMS and TES by using several types of mixed silylated diols with MCM-41 under the conditions outlined above. TBDMS and TES ethers of ethylene glycol (3b), 1,3-propanediol (3c), 1,5-pentanediol (3d) afforded the corresponding products 4 in high yields analogous to that from 3a (entries 1-4). The type of butynediol ether 6 gave the selectively deprotected alcohol 7 in 85% yield in a similar manner as the case of 3 (entry 5). For the substrates 9 and 12, which are a type of allylic and benzylic ether, respectively, the corresponding products (10, 13) were obtained in over 90% yields, although the deprotection reaction took long time (8 h) (entries 6, 7). On the other hand, the silyl ethers of meso-2,3-butanediol (15) resisted the deprotection with MCM-41, and afforded the product 16 in no more than 38% yield even after 24 h due to its steric hindrance (entry 8).
Results and Discussion
From these results, the acidity of MCM-41 as solid-acid is assumed to be mild, not so strong as Amberlite IR-120B, H-Y zeolite and H-ZSM-5 zeolite, and not so weak as Amberlite IRC-50 and HMS. The active site and the mechanism concerning the selectivity in the desilylation are not yet clear; however, catalytic reactivity of mesoporous silicas arises from the silanol moiety on the surface of silica and, especially, the amount and structure of them provide different strengths of reactivity. Table 4 shows the ratios of the framework of MCM-41, HMS and FSM-16, which were analyzed by 29 Si-NMR spectra, BET surface area, pore volume and the pore sizes of the silicas, which were measured by the volumetric N 2 -gas adsorption method. Although the ratio of the silanol group ((2ϫQ   2   ϩQ 3 )/Q 4 ) for MCM-41 (0.30) is smaller than that of HMS (0.45) by the deconvolution analysis, the total amount of the silanol group of MCM-41 is eventually larger than that of HMS since the BET surface of MCM-41 is about 2 times larger than that of HMS. On the other hand, both the ratio (0.46) and the BET surface of FSM-16 are larger than those of MCM-41. Thus, these were assumed to reflect the different results of desilylation among MCM-41, HMS and FSM-16. Although the solvent effect is not explicable, the polarity of the solvents, the solubility of the substrates are assumed to contribute to the yield of product. 17) As mentioned above, we have found selective deprotection of the TES group with MCM-41, which could not be conducted with other typical solid catalysts. On the other hand, the utility of mesoporous silicas as environmentally benign deprotective reagents will be increased if mesoporous silicas can be recycled. Thus, we studied the possibility of recycling of silica using FSM-16, which showed the similar reactivity as MCM-41 in Table 2 and possesses more rigid structure to withstand the recycling examination than that of MCM-41. 18 ) Table 5 shows the results, and recovered FSM-16, which was re-calcined at 400°C for 2 h after the reaction of 1b, showed high activity after fourth re-use; We measured the BET surface area, pore volume and the pore sizes of the silicas, and found that the BET surface area and pore volume decresased with repetition of the procedure. Thus, new Si-O bonds, which are formed by reacton of the silanol group on the sur- face of mesoporous silica with the silyl group eliminated from the substrate, is thought to reduce all of the values mentioned above. On the other hand, since changes in pore size could not be observed, deprotection of the silyl group is thought to occur in the pore, not on the surface of the mesoporous silicas.
Conclusion
In conclusion, we have studied application of mesoporous silicas to deprotection of silyl groups, and we successfully found selective deprotection of the TES group in the presence of a TBDMS group of mixed silyl ether of diols with reusable MCM-41/MeOH. Since this method requires only filtration to work-up, it is very attractive in viewpoint of synthetic organic chemistry and is environmentally benign.
Experimental
General THF was freshly distilled from Na metal/benzophenone ketyl. All other dry solvents were obtained from Kanto Kagaku Co., Ltd. Other chemicals used were of reagent grade and were obtained from Aldrich Chemical Co., Tokyo Kasei Kogyo Co., Ltd. and Wako Pure Chemical Industries, Ltd. H-ZSM-5 (Si/Alϭ150) was provided by N. E. Chemcat. Co., Tokyo, Japan. H-Y, Na-Y were purchased from TOSOH Co. SiO 2 (230-400 mesh) was purchased from Merck Co. Amberlite IR-120B and IRC-50 were purchased from Organo Co. All reactions were carried out under aerobic conditions. Compounds 4a, 4c, 4d are commercially available, and 4b, 19) 7, 20) 10, 21) 13, 22) 16 23) are known compounds. 29 Si MAS NMR spectra were measured at 59.6 MHz on a JNM-CMX 300 (JEOL) solid state NMR spectrometer equipped with a magic angle spin probe. The quantitative determination of Q 2 , Q 3 and Q 4 sites was accomplished by deconvolution of the spectra. BET surface area, the pore size and the pore volume were measured by volumetric N 2 -gas adsorption method with BELSORP-mini (BEL Japan, Inc.).
Synthesis of MCM-41
Tetraethylorthosilicate (20.8 g, 0.1 mol) was added by pipette to a solution of hexadecyltrimetylammonium bromide (7.3 g, 0.02 mol) and conc. HCl (8.3 ml, 0.1 mol) in H 2 O (270 ml), and stirred for 48 h at r.t. The white precipitate was filtered and washed with dist. H 2 O. The solid was dried at 120°C for 12 h, and calcined at 650°C for 4 h.
Synthesis of HMS A ethanol solution of tetraethylorthosilicate (20.8 g, 0.1 mol) was added to a suspension of dodecylamine (5.0 g, 0.027 mol) in H 2 O (38 ml) under vigorous stirring for 1 h, and aged for 18 h at r.t. The white precipitate was washed with ethanol and H 2 O, and calcined at 650°C for 4 h.
Synthesis of FSM-16
Kanemite was prepared as paste by filtration of a suspension of sodium silicate (50 g) and dist. H 2 O (500 ml), which was stirred for 3 h at r.t. Kanemite (as paste) was added to an aqueous solution (1 l) of hexadecyltrimetylammonium chloride (32 g, 0.1 mol), and stirred for 3 h at 70°C. After adjusting the pH at 8.5 with 2 N dil. HCl, the suspension was further stirred for 3 h at 70°C. The white precipitate was filtered, washed with dist. H 2 O, dried at 60°C for 12 h, and calcined at 550°C for 5 h.
Synthesis of Disilylether To a solution of tert-butyldimethylsilylmonoether, triethylsilylchloride (1.1 eq) and imidazole (2.2 eq) in anhydrous dimethylformamide was added and stirred at r.t. for over night. The residue was dissolved in ether and the ether solution was washed with H 2 O, brine and dried with Na 2 SO 4 . The solution was concentarated under reduced pressure, and the residue was chromatographed on silica gel. The product was further purified by distillation under reduced pressure.
Typical Procedure A substrate (100 mg) and MCM-41 (300 mg) in MeOH (5 ml) was stirred for the indicated period of time at r.t. The reaction mixture was filtered through glass filter, and the pure products were obtained by preparative T.L.C.
Typical Procedure of Re-use of FSM-16 A suspension of substrate (50 mg) and FSM-16 (100 mg) in MeOH (5 ml) was stirred for 4 h at r.t. FSM-16 was then filtered off and washed with acetonitrile. The used FSM-16 was collected and re-calcined at 400°C for 2 h by an electric furnace before being recycled.
1-tert-Butyldimethylsilyloxy-2-triethylsilyloxyethane ( 
